Abstract: Isothermal low cycle fatigue (LCF) behaviours of a third generation titanium aluminide based γ-TiAl alloy with duplex microstructure were investigated under the various test conditions, including temperature (550°C-750°C), total strain amplitude (0.3%-0.6%) and environment (air and vacuum), in order to clarify the fatigue life, deformation characters and fracture process of the alloy during LCF. The plastic strain accumulation has a great contribution to LCF damage. With increasing total strain range, LCF life decreases distinctly. Under the small total strain amplitude (≤0.4%), the increase of test temperature enforces microstructure resistance to LCF fracture. However, the increase of test temperature together with large total strain amplitude (>0.5%) accelerates the microstructural degradation, which behaves the dissolution of α 2 lamellae and recrystallization of γ phase, resulting in great LCF damage. Moreover, environment brittlement during high temperature exposure to air influences the initiation process of fatigue cracks. The fracture mechanisms at various test conditions were analyzed.
Introduction
The progress of aircraft and automobile industry demands the research and development of the materials with low density and competitive mechanical properties. A third generation γ-TiAl alloy, which contains 5-10%(at.) Nb and small amount of other alloying elements such as Mo, Cr, Ta, C, B etc., was designed to satisfy such a requirement. Compared to conventional γ-TiAl alloys, the new type of γ-TiAl alloys have higher resistance to creep and oxidation, and the yield strength can remain up to 750°C-800°C [1] . Therefore, the third generation γ-TiAl alloys are considered as great potential materials for high-temperature applications in aeroplanes and automobiles.
To date in numbers of publications are emphasized the microstructures, tensile properties, fracture toughness, oxidation behaviours and the fatigue crack growth rate of γ-TiAl alloys [2] [3] [4] [5] . Few investigations dealt with high temperature low cycle fatigue behaviours and the involved mechanisms of fatigue fracture [6] [7] [8] . Since γ-TiAl alloys are mainly used in the situations under cycling loads, varying temperatures and severe environment, it is of great significance to evaluate their cyclic stress-strain behaviours at high temperature for the safe application. In addition, there are still various disputes about the effects of temperature and environment on the fatigue crack growth rate. It is necessary to continue further investigation for clarifying the LCF mechanisms of γ-TiAl alloy. The emphasis of the present work is to investigate the LCF properties of a new generation γ-TiAl alloy with duplex microstructure. Various loading conditions like temperature, strain amplitude and environment were applied in order to understand the relationships among the deformation behaviours, fracture process, fatigue life and environment.
Experimental Procedures
The tested γ-TiAl alloy was prepared by powder metallurgy with nominal composition of Ti-47Al-5Nb(B,C)(at.%). In order to obtain duplex microstructure, the material was subjected to solution treatment at temperature of 1270°C for 45 minutes and afterwards furnace cooled at approximately 5°C /min. The fatigue tests were conducted on the smooth cylindrical specimens with a gauge length of 14 mm and a diameter of 7 mm. The working sections of the specimens were electrochemically polished to avoid the influence of surface defects on the fatigue properties. All of the tests were performed in a MTS servo-hydraulic testing system under total strain control with a constant strain rate of 4×10 -3 /s. The total strain amplitudes of 0.3%, 0.4%, 0.5% and 0.6% were applied at three temperatures of 550°C, 650°C and 750°C. The strain ratio was kept always at R ε = -1. The microstructures before and after fatigue test were observed by using optical microscope. The fracture surfaces were examined with Philip XL30 SEM. The TEM foils were prepared using traditional grinding and twin jet method and observed under a Hitachi H-8100 TEM at an accelerating voltage of 200kV. The comparative tests at the highest strain amplitude of 0.6% were additionally performed in high vacuum (1.7×10 -5 hPa) for studying the effect of environment on the fatigue life.
Results and Discussion

LCF Behaviours and Plastic Deformation Characters.
The cyclic stress-strain response is an important material property and a useful aid in understanding the strain-controlled fatigue process. It was found from hysterisis loops that the tested alloy shows an irreversible plastic strain accumulation in each loading cycle though it is a small portion of the total strain range. The plastic strain range enlarges with cyclic strain range, and it has great influence on LCF life. Fig.1 displays the dependence relation of fatigue life with total strain amplitudes and temperatures. The total strain amplitude of 0.3% results in negligible plastic strain in material, as a result, the specimens have the longest fatigue life, 250000 cycles without failure. As total strain amplitude increases, the fatigue life is reduced obviously, but the reduction extent depends on the temperature. The life at 550°C and 650°C decreases steadily, but the life at 750°C shows a drastic drop with increasing total strain amplitude. It is concluded that at the same temperature the plastic strain accumulation determined by total strain amplitude significantly contributes to the LCF damage. But the temperature has complicated influence on fatigue life.
The empirical relationship between plastic strain amplitude (Δε p /2) and reversals-to-failure (2N f ), known as Coffin-Manson's equation, is given by:
Where, c is the fatigue ductility exponent, ε f ′ is the fatigue ductility coefficient. Fig.2 shows the plots of plastic strain amplitude vs. number of reversals to failure on bi-logarithmic coordinate. The measured data fit well with Coffin-Manson's liner relationship. Since the deformability of alloy matrix increases as temperature varies from 550°C to 650°C, strain-controlled microstructural resistance to fatigue fracture is highly enhanced. But the extremely low fatigue ductility exponent c at 750°C is attributed to the abnormal fatigue life at the total strain amplitude of 0.5% and 0.6%. It is possible that the microstructural instability under the large strain amplitude brings about the matrix to be of poor resistance to LCF fracture. This deduction is confirmed by the following metallographic examination of deformed microstructure. It is noted that the values of cyclic stress amplitude at early cycling completely correspond to the yield stress at counterpart temperature. Afterwards the cyclic hardening occurred at 550°C, whereas cyclic softening at 650°C and 750°C with the running of cycling. Clearly, LCF performance is closely associated with tensile performance under the monotonic loading. When the fatigue test temperature is below Brittle-Ductile-Transition-Temperature (between 650°C-700°C in present alloy) the alloy matrix with low ductility has to be subjected to high cyclic stress, which is prone to meet the stress condition of fatigue crack nucleation. The increase of test temperature can enhance the ductility of matrix, naturally, reducing cyclic stress and delaying the formation of fatigue crack.
Microstructural Evolution.
It can be seen in Fig.3a that as-received microstructure is composed of equiaxed γ-grains and γ/α 2 lamellae. The average size of γ grains that were produced by recrystallization during heat treatment is 4-6μm. The grains aggregate among the lamellar colonies. The sizes of γ/α 2 lamellar colonies with random orientation are in between 30-50μm. The microstructure looks compact and uniform, neither porosity nor microcracks were found. Compared to as-received microstructure, the deformed microstructure at 550°C displays negligible change. But at 650°C, small amount of lamellae begin to coarsen by the dissolution of α 2 phase, and some γ grains grow up by incorporation of small grains (black arrow in Fig.3c ). Microstructural degradation was more prominent after cyclic deformation at 750°C (Fig.3d) . Most of α 2 /γ lamellae are firstly coarsened and then globurized or recrystallized. It is reported that the discontinuous coarsening of α 2 /γ lamellae usually occurred in the case of soaking at the temperature higher than 900°C [9, 10] , or at 700°C-800°C but for extremely long time [11] . In present study, α 2 /γ lamellar coarsening took place at 650°C-750°C after limited exposure time. The lamellar degradation is attributed to that high local stress at the ledges or steps of lamellar interface caused by incompatible deformation between γ and α 2 phase assists dissolution of α 2 phase [12] , and the dislocation channels accelerate the diffusion and globurization process. Therefore, the increase of test temperature and/or total strain amplitude promotes microstructural instability. The detail mechanism of microstructural degradation under the cyclic loading is still in progress.
TEM observation was used to examine the defect structures at various deformation temperatures. Fig.4a shows long and straight lamellar structure with less defects in as-received specimen. Dislocations exhibit inhomogeneous slip at 550°C (Fig.4b) . The interaction of dislocations in the regions of high-density dislocation is highly enhanced. Moreover, many debris and dipole defects produced by cross slip of dislocation also build the obstacles for dislocations movement, causing dislocation strongly bowing ahead. These facts are considered to correlate with the cyclic hardening. At 650°C, a lot of parallel deformation twinning is a noticeable feature in deformed microstructure (Fig.4c) . Multiplicated dislocations distribute homogeneously within lamellae and γ grains, which indicates stable dislocation movement. At 750°C, the intense slip bands of glide dislocations and deformation twins were often found in coarser γ grain and lamellae (Fig.4d) . These multiplied dislocations were generated at γ/α 2 interface or γ grain boundary, and then moved ahead under the low shear stress, finally terminated at another side of γ/γ interface or γ grain boundary. Owing to the reducing of the γ/α 2 lamellar interfaces and the coarsening of γ grains, the distance of dislocation slip obviously increases. The enhancement of dislocations mobility and the activation of deformation twinning lead to continuous descending of cyclic stress. Fig.5a shows that fatigue cracks initiate at the interior of the specimen under the condition of low temperature (650°C) and small strain amplitude (0.4%), and a stable growth area exists around the crack origination site. The crack nucleation site is analysed to be titanium rich area. Since tested γ-TiAl alloy was prepared by powder metallurgy technology, it is possible that the fatigue crack initiates at titanium powder agglomerate, which was not fully alloyed during sintering. Under large strain amplitude, the fatigue cracks initiate on the subsurface of the specimen as shown in Fig.5b . A narrow white oxidized layer can be observed clearly on the edge of the specimen, which means that oxidation process becomes more prominent above 650°C. A few reasons may be responsible for the surface crack formation. Oxidation can certainly induce the increase of surface hardness and promotes the crack initiation. Cracks also preferably occur at lamellar colonies that are oriented perpendicular to the loading axis. The specific reasons need to be studied further. The morphologies of fast fracture surface reflect the microstructural characters at different testing conditions. At low temperature and small strain range, most of γ/α 2 lamellar colonies exhibit translamellar fracture mode. In contrast to this, large amount of transgranular fracture is observed at the conditions of high temperature and large strain range. At that moment lamellar interfaces cannot play the role of hindering the crack propagation any more, resulting in drastic reduction of LCF life. 
Effect of Environment on LCF Life.
As mention above, the crack initiates on the surface of the specimen with increasing temperature and strain range. Here the environment has a strong influence on the fatigue life. Fig.6 shows that the fatigue lives in vacuum are apparently prolonged. Particularly, fatigue life at 550°C in vacuum is more than 30 times in air. Many investigations reported that the fatigue crack growth rate of γ-TiAl alloy at room temperature in air was higher than in vacuum and attributed it to the adsorption of water vapour on the crack surface and then releasing hydrogen atom, leading to hydrogen embrittlement [13] [14] [15] . The influence of water vapour on the fatigue crack growth rate sustains up to 600°C [16, 17] . Till now it is not clear about the mechanism of hydrogen embrittlement. Nevertheless, it is plausible in present paper to recognize the effect of water vapour in air on the LCF behaviour of γ-TiAl alloy at lower temperature. In addition, the effect of oxidation on fatigue crack growth cannot be ignored above 700°C. The microcracks can easily form in the brittle oxidized layer under the tensile loading and continue to growth into the substrate. However, LCF life under total strain amplitude of 0.4% at 750°C seems to be less affected by the oxidation as shown in Fig.1 . It is analyzed that the microcrack initiation in the oxidized layer is greatly delayed under the low cyclic stress. Moreover, an oxidation closure effect on the crack surface is beneficial to inhibiting crack growth when fatigue crack propagates slowly.
Conclusions
(1) As the total strain amplitude increases, LCF life obviously decreases, which indicates the fatigue damage strongly depends on the plastic strain accumulation. The plastic strain amplitude vs. number of reversals to failure fits well with Coffin-Manson's liner relationship. (2) As test temperature increases, the fatigue resistance at small strain amplitude (0.4%-0.5%) increases owing to the improved deformability of alloy. But poor fatigue performance occurred at 750°C under large strain amplitude (0.6%) is mainly attributed to the microstructural instability, e.g. the coarsening of γ/α 2 lamellae and recrystallization of γ phase. (3) The cyclic hardening at 550°C is associated with inhomogeneous dislocation bundles. The cyclic softening at 650°C and 750°C are caused by the better movability of dislocations together with activation of a lot of deformation twins. (4) At lower temperature (550°C, 650°C) and small strain amplitude (0.4%), the fatigue crack initiates at unalloyed titanium powder agglomerate inside the specimen, and a stable crack growth area exists around the crack initiation site. High temperature and large strain range cause the crack to initiate on the surface of the specimen. (5) Environment has a significant influence on the fatigue life. Water vapour in air and oxidation constitute a complicated and superimposed corrosive effect on LCF behaviour of γ-TiAl alloy.
